linking experiments suggest that the chemically reactive regions of the loops may pack as a single domain. Here we show that Cys substitutions in these domains can be cross-linked with retention of function and conclude that these domains need not undergo large conformational changes during enzyme function.
The F 1 F o -ATP synthase of oxidative phosphorylation utilizes the energy of a transmembrane electrochemical gradient of H ϩ or Na ϩ to mechanically drive the synthesis of ATP via two coupled rotary motors in the F 1 and F o sectors of the enzyme (1) (2) (3) . H ϩ transport through the transmembrane F o sector is coupled to ATP synthesis or hydrolysis in the F 1 sector at the surface of the membrane. Homologous ATP synthases are found in mitochondria, chloroplasts, and many other bacteria (4) . In Escherichia coli and other eubacteria, F 1 consists of five subunits in an ␣ 3 ␤ 3 ␥␦⑀ stoichiometry (4) . F o is composed of three subunits in a likely ratio of a 1 b 2 c 10 in E. coli and Bacillus PS3 (5, 6) or a 1 b 2 c 11 in the Na ϩ translocating Ilyobacter tartaricus ATP synthase (3, 7) and may contain as many as 15 c subunits in other bacterial species (8) . Subunit c spans the membrane as a helical hairpin with the first transmembrane helix (TMH) 2 on the inside and the second TMH on the outside of the c ring (7, 9, 10) . A high resolution x-ray structure of the I. tartaricus c 11 ring has revealed the Na ϩ binding site to be at the periphery of the ring with chelating groups to the bound Na ϩ extending from two adjacent subunits in an extensive hydrogen bonding network (7, 11) . Recently, a high resolution x-ray structure of the H ϩ -translocating c 15 -ring of Spirulina platensis revealed a similar geometry for the H ϩ binding site (8, 12) . The essential I. tartaricus Glu-65 in the Na ϩ chelating site, and the essential S. platensis Glu-62, corresponds to E. coli Asp-61. In the H ϩ -translocating E. coli enzyme, Asp-61 at the center of cTMH2 is thought to undergo protonation and deprotonation as each subunit of the c ring moves past the stationary subunit a. In the functioning enzyme, the rotation of the c ring is proposed to be driven by H ϩ transport at the subunit a/c interface, with ring movement then driving rotation of subunit ␥ within the ␣ 3 ␤ 3 hexamer of F 1 to cause conformational changes in the catalytic sites leading to synthesis of ATP (1) (2) (3) .
Subunit a folds in the membrane with five TMHs and is thought to provide access channels to the H ϩ -binding Asp61 residue on the c-ring (13) (14) (15) (16) . Interaction of the conserved Arg210 residue in aTMH4 with cTMH2 is thought to be critical during the deprotonation-protonation cycle of cAsp-61 (16 -20) . Presently, only fragmentary information is available on the three-dimensional arrangement of the TMHs in subunit a. Based initially upon the position of several sets of second site suppressor mutations, pairs of Cys were introduced into putatively apposing TMHs and tested for zero-length cross-linking with disulfide bond formation catalyzed by Cu 2ϩ (21) . The cross-links define a juxtaposition of TMHs 2-5 packing in a proposed four-helix bundle. Such a bundle, packing at the periphery of the c-ring, has now been viewed directly by high resolution cyro-electron microscopy in the I. tartaricus enzyme (22) . Cu 2ϩ -catalyzed cross-links are also formed between Cys pairs introduced into aTMH4 and cTMH2 over a span of 19 amino acids, i.e. a span that would nearly traverse the lipid bilayer (23) . The cross-linkable faces of these helices would include Asp61 in cTMH2 and residues of aTMH4 surrounding the conserved Arg210. We have also reported cross-linking with bis-MTS reagents between Cys pairs introduced into aTMH5 and cTMH2 from near the center to the cytoplasmic side of the membrane (24) . The cross-linkable face of aTMH5 includes Gln-252 which has been proposed to be proximal to Arg210 because of retention of function in the suppressor strain aR210Q/Q252R (18, 25) .
The aqueous accessibility of Cys residues introduced into the 5 TMHs of subunit a has been probed based upon their reactivity with and inhibitory effects of Ag ϩ and other thiolatereactive agents (26 -29) . Two regions of aqueous access were found with distinctly different properties. One region in TMH4, extending from Asn214 and Arg210 at the center of the membrane to the cytoplasmic surface, contains Cys substitutions that are sensitive to inhibition by both NEM and Ag ϩ (26 -28; Fig. 1 ). These NEM-and Ag ؉ -sensitive residues in TMH4 pack on the peripheral face and cytoplasmic side of the modeled four-helix bundle (16, 21, 26) . The path of aqueous access on the subunit c-side of the a-c interface has also been mapped by chemical probing of Cys substitutions and more recently by molecular dynamic simulations (30 -32) .
A second set of Ag ϩ -sensitive substitutions in subunit a mapped to the opposite face and periplasmic side of aTMH4 (26, 27) , and Ag ϩ -sensitive substitutions were also found in TMHs 2, 3, and 5 where they extend from the center of the membrane to the periplasmic surface (27, 28) . The Ag ϩ -sensitive substitutions on the periplasmic side of TMHs 2-5 cluster at the interior of the four-helix bundle predicted by cross-linking, and could interact to form a continuous aqueous pathway extending from the periplasmic surface to the center of the membrane (16, 21, 28) . Restricted aqueous access to these residues from the periplasm was verified by sonication experiments using inverted membrane vesicles and Cd ؉2 as a membrane-impermeant thiolate chelator (29) .
Recently, we were surprised to discover that Ag ϩ -sensitive residues are also located in the two cytoplasmic loops of subunit a (33) . In this same study, cross-linking was demonstrated between residues at the N-and C-terminal ends of loop 3-4 (the loop connecting TMHs 3 and 4), and between residues in the middle of loop 1-2 and residues at the C-terminal end of loop 3-4 ( Fig. 1) . These results suggested that this cytoplasmic region may pack as a single domain and have a functional role in gating H ϩ -translocation to the cytoplasm (33). We have previously suggested that aTMHs 4 and 5 may swivel or twist in response to acidification of the periplasmic half-channel in the TMH 2-5 four-helix bundle, and in so doing gate H ϩ to the cytoplasmic half-channel (24) . The acid-induced movement was supported by experiments where specific a-c cross-link formation was promoted by decreasing the buffering pH. We have now cross-linked aTMH2 or aTMH4 to aTMH5 at middle of the membrane and then tested for function. Both sets of cross-links abolished ATP-driven H ϩ -translocation and support the idea that mobility of the helices is required for function. We also tested the functional effects of cross-linking between different cytoplasmic loop regions. Function was retained after cross-linking and indicates that the structure of the cross-linkable cytoplasmic loop domains need not undergo radical movement during the gating of H ϩ -translocation.
EXPERIMENTAL PROCEDURES
Source of Cys-substituted Mutant Membranes-All experiments were performed with the Cys-substituted derivatives of plasmid pCMA113 encoding the unc operon (34), which was transformed into the unc (atp) operon deletion host strain JWP292 (5). The aL160C/K203C, aI161C/K203C, aI161C/V205C, aV86C/ L195C, and aM95C/L195C mutants were first described in Ref. 33 . The aG218C/I248C and aD119H/I120C/H245C mutants were first described in Ref. 21zrefx. Cells were grown and membranes prepared as described previously (33) .
Disulfide Cross-linking and Effect on ATP-driven Quenching of ACMA Fluorescence-The bis-MTS reagent M2M (Toronto Research Chemicals) was dissolved in dimethyl sulfoxide. Cyssubstituted membranes were diluted to 10 mg/ml in TMGacetate buffer at pH 8.5 and 180 l of membrane suspension was treated with 20 l of 5 mM M2M in DMSO for 10 min at room temperature. ATP-driven ACMA quenching was measured immediately with 175 l of the reaction mixture by the protocol described below. To reverse cross-link formation following M2M treatment, 8 l of 100% ␤MSH was added to a final concentration of 4% (v/v) or, alternatively, 8 l of 1 M DTT was added to a final concentration of 40 mM. Cross-link formation was verified by SDS-PAGE and Western blotting using a 25 l sample of each reaction mixture that was mixed with 5 l of 0.5 M Na 2 EDTA, pH 8.0 and incubated at 37°C for 15 min before dilution into SDS sample buffer (24, 33) .
ATP-driven Quenching of ACMA Fluorescence-Membranes were suspended in 3.2 ml of HMK-chloride buffer (10 mM Hepes-KOH, 5 mM MgCl 2 , and 300 mM KCl, pH 7.5.). ACMA was added to 0.3 g/ml final concentration, and 30 l of 0.1 M ATP, pH 7.0 was added to initiate quenching of fluorescence. The reaction was terminated by addition of 8 l of 288 M nigericin (0.5 g/ml final concentration). The level of fluorescence obtained after addition of nigericin was normalized to 100% in calculating the percent quenching resulting from ATPdriven proton pumping.
SDS Electrophoresis and Immunoblotting-Samples were run using the SDS-PAGE system described by Laemmli (35) following the details described by Moore et al. (33) . Membranes were dissolved by addition of an equal volume of 2ϫ SDS sample buffer (0.125 M Tris, 20% glycerol, 4% SDS, pH 6.8) before analyzing by SDS-PAGE. Proteins in the separatory gel were transferred to polyvinylidene difluoride (PVDF) membrane and Western blotting performed as described previously using rabbit antiserum directed against the first 10 amino acids of subunit a, which had also been pre-absorbed to E. coli membranes lacking F o to reduce immunoartifacts (36) . Anti-subunit a bound to the blot was detected with anti-rabbit horseradish peroxidase linked 2y antibody using Super Signal West Pico Chemiluminescent Substrates (Pierce) as described previously (33) , and the PVDF membrane was then exposed to film to visualize the protein.
RESULTS

The Cross-linking of TMHs 4 and 5 Results in Inhibition of ATP-driven H
ϩ Translocation-To test the proposal that helical movement of TMHs 4 and 5 may be essential to function, membranes of the cross-linkable aG218C/I248C pair were treated with 500 M M2M before assaying function in ATPdriven H ϩ pumping as determined by quenching of ACMA fluorescence. M2M treatment caused Ͼ90% inhibition of the H ϩ pumping response (Fig. 2, panel A) . Samples analyzed by SDS-PAGE and Western blotting confirmed that cross-linking had occurred, where cross-link formation was indicated by the appearance of a faster migrating band in the bis-MTS-treated sample (33) . Reversal of the inhibition was not seen after a 3-min incubation with 4% ␤MSH in the quenching buffer, although the cross-link was reversed by a more prolonged ␤MSH treatment in SDS sample buffer as described in "Experimental Procedures." To address the possibility that the inhibition was due to steric hindrance as opposed to arresting helical motion, a control was performed where membranes were treated with 1 mM methyl-MTS under the same conditions. Function was not affected by the methyl-MTS treatment, a result that indicates that the pocket around G218C and I248C can accommodate the bis thio-methylene groups that would be part of the M2M reagent and that inhibition is likely caused by restricted movement the helices due to the covalent linking of the methylene groups.
The Cross-linking of TMHs 2 and 5 Also Results in Inhibition of ATP-driven H
ϩ Translocation-To further test the necessity of movement by aTMH5, the cross-linkable aL120C/H245C mutant was treated with 500 M M2M before assaying ATPdriven H ϩ pumping function. Function in this mutant requires the additional aD119H suppressor substitution (21) . The M2M treatment caused 85% inhibition of the ATP-driven quenching response (Fig. 3, panel A) . SDS-PAGE and Western blotting confirmed that cross-linking had occurred in the inhibited sample (Fig. 3) . As with the G218C/I248C substitutions, only a slight reversal of the inhibition was seen after the 3-min incubation with ␤MSH in quenching buffer, although the sample was reduced by the more prolonged ␤MSH treatment in SDS sample. A control was performed where membranes of the double Cys mutant were treated with 1 mM methyl-MTS under the same conditions. In this case, the thio-methyl modification caused about 40% inhibition of the quenching response. As with the M2M treatment, inhibition was not reversed by treatment with ␤MSH for 3 min in quenching buffer. This indicates that some of the inhibition seen with the M2M treatment might be due to the presence of the thio-methyl groups replacing the normally charged/polar His245 in the case of wild type, or Cys245 in the D119H suppressor background that is required for function in these experiments. However, complete inhibi-tion is only seen when the movement of the thio-methyl-modified Cys are restricted by the covalent bond formation.
The Ag ϩ
-sensitive Residues of Loop 1-2 Can Be Cross-linked to Loop 3-4 with Retention of Function-
To investigate the possible importance of movements in the cytoplasmic loop regions of subunit a, the V86C/L195C and M93C/L195C cross-linkable pairs were tested for ATP-driven H ϩ pumping after cross-linking as described above. Membranes from the V86C/L195C mutant exhibited Ͼ90% of the control quenching response after crosslinking with M2M (Fig. 4A) . With membranes of the M93C/ L195C mutant, cross-linking with M2M reduced the maximal quenching response by about 15% relative to the untreated control (Fig. 4B) . The modest inhibition observed here was reversed with a 30 min treatment with 40 mM DTT at 4°C. Cross-linking between Cys residues substituted for G218 in TMH4 and I248 in TMH5 inhibits ATP-driven H ؉ pumping. A, membranes from the double Cys mutant G218C/I248C were treated with the M2M reagent before assaying function by ATP-driven ACMA quenching. Each sample was preincubated for 10 min with the following prior to addition of ATP: DMSO (black), 500 M M2M (red), ␤MSH (green), and M2M followed by a 3-min incubation with ␤MSH (cyan). Following SDS-PAGE, Western blots were probed with anti-subunit a antiserum to verify that cross-linking had occurred in the membrane. B, membranes were treated with 1 mM methyl-MTS in DMSO (blue) or DMSO (black) for 10 min prior to the addition of ATP. FIGURE 3. Cross-linking between Cys residues substituted for Leu120 in TMH2 and His245 in TMH5 inhibits ATP-driven H ؉ pumping. A, membranes from the double Cys mutant L120C/H245C were treated with the M2M reagent before assaying function by ATP-driven ACMA quenching. Each sample was pre-incubated for 10 min with the following prior to addition of ATP: DMSO (black), 500 M M2M (red), ␤MSH (green), and M2M followed by a 3-min incubation with ␤MSH (cyan). Following SDS-PAGE, Western blots were probed with anti-subunit a antiserum to verify that cross-linking had occurred in the membrane. B, membranes were treated with 1 mM methyl-MTS in DMSO (red), DMSO (black) or ␤MSH (green) for 10 min prior to the addition of ATP. One sample (cyan) was treated with 1 mM methyl-MTS for 10 min and then ␤MSH for 3 min prior to the addition of ATP.
The Ag ϩ -sensitive Regions at the Ends of Loop 3-4 Can Be Crosslinked without Loss of Function-
The cross-links in loop 3-4 identified in a previous study suggested that the Ag ϩ -sensitive region of both helices extended to and perhaps beyond the membrane bilayer surface (33) . To investigate whether the structural interactions of these regions could remain fixed in the functioning enzyme, cross-linking was performed before assaying ATP-driven H ϩ -pumping activity. Membrane vesicles were treated with M2M, and one fraction was used in the ACMA quenching assay and the remaining fraction subjected to SDS-PAGE and Western blotting to verify cross-link formation. The L160C/K203C, I161C/K203C, and I161C/V205C mutants retained at least 90% of their ATP-driven H ϩ pumping function after treatment with the M2M reagent (Fig. 5, A-C) . SDS-PAGE and Western blotting of the M2M-treated membrane samples confirmed that cross-linking had occurred with all three Cys-substituted mutant membranes (Fig. 5, A-C) .
DISCUSSION
We have proposed that rotation of aTMHs 4 and 5 may be part of a gating mechanism that allows for the protonation of the cAsp61 from the periplasm during H ϩ -translocation (24, 28, 29) . During ATP synthesis, Asp61 in cTMH2 is proposed to undergo cycles of protonation and deprotonation. The conserved Arg210 in aTMH4 is thought to interact with cAsp61 to lower its pK a to promote proton release. Following deprotonation, a part of aTMH4 could swivel or twist counterclockwise as viewed from the cytoplasm to move aR210 away from cAsp61 to facilitate its reprotonation, and with the simultaneous swiveling of aTMH5 in a clockwise direction, gate access of protons residing at the interior of the four helix bundle to Asp61 to permit its reprotonation from the periplasm. In a recent study, a pH-dependent facilitation of cross-linking between aTMH5 and cTMH2 provided direct support for a model involving such movement (24) .
The proposed functional necessity of movement of aTMH4 and aTMH5 was tested here by examining the effects of TMH cross-linking within subunit a on function. Membranes of the doubly substituted aG218C/I248C and aL120C/H245C mutants were assayed for ATP-driven H ϩ -pumping function before and after M2M-mediated cross-link formation between either TMHs 4 and 5 or TMHs 2 and 5, respectively. ATP-dependent quenching by aG218C/I248C was almost completely abolished after cross-linking with M2M as would be expected if TMHs 4 and 5 have to rotate in opposite directions to gate function ( Fig.  2A) . In a control experiment, methyl-MTS treatment, which would have resulted in the introduction of thio-methyl groups on the two Cys thiolates in the cavity between helices, had no effect on function (Fig. 2B) . The lack of inhibition seen after methyl-MTS treatment suggests that the immobilizing covalent bond between the methylene groups in the M2M-modified protein, rather than the bulk volume of the thio-methyl groups, is likely to be the critical factor causing inhibition.
ATP-dependent quenching by aL120C/H245C membranes was also strongly inhibited by cross-linking with M2M (Fig.  3A) . In this case, quenching was also inhibited modestly by the methyl-MTS treatment, but to a much lesser extent than that seen with M2M (Fig. 3B) . The mixed results suggest that there may be two inhibitory factors in this case, i.e. the immobilization effect of covalently coupling the two Cys thiolates, and the introduction of hydrophobic methyl groups into a cavity that is normally quite polar. Note that His245 is normally required for function in wild-type and that the aD119H suppressor substitution is required for function here after making the H245C substitution. In sum, the inhibitory effects of M2M cross-link- Membranes from the V86C/L195C mutant or the M93C/L195C mutant were treated with the M2M before assaying function by ATP-driven quenching of ACMA fluorescence. A, each sample was pre-incubated for 10 min with the following prior to addition of ATP: DMSO (black), 500 M M2M (red), ␤MSH (green), and M2M followed by a 3-min incubation with ␤MSH (cyan). B, each sample was pre-incubated for 10 min with the following prior to addition of ATP: DMSO (black), 500 M M2M (red). Two samples were treated with 40 mM DTT at 4 C for 30 min after either DMSO treatment (green) or after M2M treatment (cyan) prior to the addition of ATP. Following SDS-PAGE, Western blots were probed with anti-subunit a antiserum to verify that cross-linking had occurred in the membrane.
ing in both mutants provides strong supporting evidence for the necessity of transmembrane helical movement within subunit a during proton-translocation function. Presumably the extent of transmembrane helical rotation, twisting, or swiveling need not be large to gate H ؉ access from the periplasmic halfchannel to cAsp61.
Prior to this study, we demonstrated that cross-linking was possible between silver sensitive residues in the cytoplasmic loops of subunit a, which led to the hypothesis that the functionally important residues in the cytoplasmic loops might pack as a single domain (33) . A possible function for the Ag ؉ -sensitive residues lying outside of the proposed bilayer-traversing aqueous channels would be in gating H ϩ exit to the cytoplasm during H ϩ -translocation coupled ATP synthesis. The hypothesis that all of these residues lay within a single domain stemmed from their crosslink-ability, e.g. Cys86 or Cys93 in the 1-2 loop with Cys195 in the 3-4 loop, but the cross-link-ability might have stemmed from thermal mobility and collision of the loops during the cross-linking reaction. In the current study, the effects of crosslinking of several of these Cys pairs on enzyme function was examined and proved to be surprisingly resilient to inhibition. In sum, the results support the conclusion that if loop movement is necessary for function, then the movement taking place must be very limited, i.e. within the range of the -S-CH 2 -CH 2 -Sspacer introduced between Cys pairs during the M2M modification reaction (i.e. 5 Å; 24, 37).
Two Cys-Cys pairs between loop 1-2 and loop 3-4, i.e. V86C/L195C and M93C/L195C, were tested for function after cross-linking. The V86C/L195C membranes showed insignificant inhibition upon cross-linking while M93C/L195C membranes were consistently inhibited by 15-20% after cross-linking (Fig. 4, A and B) . Taken together, these results indicate that the region around residue M93 and L195 can accommodate the bulk volume of the methyl groups, and that the slight inhibition observed with the M2M cross-link may be due to slight restrictions in mobility forced by the covalent bond. However, if domain movements between these cytoplasmic regions exceeding 5 Å were necessary for function, near complete inhibition would be expected. The results most certainly indicate that these regions of the two loops pack closely to each other in the native enzyme and, given the Ag ؉ sensitivity of both regions, are consistent with both regions participating in gating H ؉ translocation to the cytoplasm. The double Cys mutants L160C/K203C, I161C/K203C, and I161C/V205C, with the Cys pairs located at the N-and C-terminal ends of the 3-4 loop at the surface of the membrane bilayer, showed no inhibition of ATP-driven H ؉ pumping after cross-linking with M2M (Fig. 5) . The results indicate that the residues at the cytoplasmic end of aTMH3 and aTMH4 can remain in close contact during H ϩ -translocation. Importantly, for all five Cys pairs studied, the retention of function indicates that the cross-linked state must closely reflect the structure within the native, functional protein.
